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Abstract 
In order to increase the thermal efficiency of advanced power generation systems higher operation temperature and pressures 
should be used. The P91 steel has excellent mechanical properties from room temperature up to approximately 600ºC due to a 
distribution of a fine-sized Nb and V carbonitrides. In this context, special attention must be put on the welds. The failure of a 
component may be initiated in a localized and microscopic region of the weldments, either during welding or in service. This is 
due to the differences in the behaviour of the various regions of the weld because of the heterogeneity in its microstructure. 
In the present work the characterization of precipitates in the fusion zone, heat affected zone and base material was performed on 
a circumferential weldments by means of transmission electron microscopy. The weldments were obtained using a semiautomatic 
welding process under gas mixture protection with two different filler materials. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SAM - CONAMET 2013. 
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1. Introduction 
9Cr steels are widely used for high temperature service, principally in applications related to energy generation. 
Ferritic-martensitic steels of the 9Cr-1Mo type (T9/P9) and 9Cr-1MoNbV type (T91/P91) have been extensively 
used in conventional and nuclear power plant components, heat exchangers, piping and tubing, etc., due to an 
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excellent combination of properties such as creep resistance, toughness and resistance to oxidation at high 
temperatures (Klueh, 2005) and they are proposed as the primary option for different structural components for the 
called Generation IV reactors due to their exceptionally high void swelling resistance (Natesan et al.,2006). 
T91 steels are supplied in a normalized and tempered condition. Their microstructure consists of lath martensite 
containing a high density of dislocations and precipitates: M23C6 and MX, where M denotes a metallic element and 
X is C and/or N atoms. The predominant M23C3 particles are mainly on lath boundaries and prior austenite grain 
boundaries (PAGBs) and their size is much larger in the vicinity of PAGBs than inside grains (Abe, 2008). The size 
of the MX precipitates is much smaller than that of M23C6 carbides and they are distributed at laths, blocks, packet 
boundaries and PAGBs as well as in the matrix within laths (Abe, 2008). MX precipitates pin the dislocations 
increasing the creep strength significatively. The stability of M23C6 and MX is critical to the long term performance 
of these alloys (Francis et al.,2006). 
The welding process strongly influences the microstructure and properties of the base material. As a result of the 
severe thermal cycle caused by the welding process, the original microstructure is altered and a so-called heat 
affected zone (HAZ) is formed (Cerjak et al., 2008). Quite often, the failure of a component is initiated in a 
localized, microscopic region of weldments, either during welding or in service (Vijayalakshmi et al., 1998). Each 
region of the HAZ undergoes a different thermal cycle depending on its distance from the source of heat 
(Vijayalakshmi et al.,1998). The temperatures achieved during welding could be related to the calculated equilibrium 
phase diagram of P91 steel shown in Figure 1, where the different zones corresponding to the weldments are 
illustrated: the fusion zone (FZ), the coarse-grained zone (CGHAZ), the fine-grained zone (FGHAZ), the intercritical 
zone (ICHAZ), the subcritical zone (SCHAZ) and the zone of unchanged base material (BM) (Cerjak et al.,2008). 
The formation of creep damage by Type IV mechanism is strictly limited to fine grained regions (Cerjak et al., 
2008). Type IV cracking is considered as the major “end of life” failure mechanism for ferritic creep-resistant steel 
weldments in the power generation industry. There are indications that the thermal cycles that are experienced in the 
FGHZA promote a chromium-rich “modified Z-phase” of the form Cr(V,Nb)N during creep at the expense of MX 
precipitates (Francis et al., 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic of the sub-zones of the HAZ corresponding to the calculated equilibrium phase diagram of P91-type steel (Cerjak, 2008). 
In a previous work (Ramini et al., 2011) the chemical composition of the weld metal, the location of the delta 
ferrite, the transversal tensile properties of the joint and the microhardness of weldments of a P91 steel were 
determined. Weldments have been obtained using a flux-cored arc welding process (FCAW) under gas mixture 
protection using two rutilic slag wires (9Cr1MoNbV and 9Cr0.5Mo1.7WNbV) as filler materials. The purpose of the 
present study is the identification of the precipitates present in the FZ, HAZ and BM by means of transmission 
electron microscopy on carbon extraction replicas. 
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2. Experimental Procedure 
The weldments were performed in a pipe of P91 steel provided by JFE Corporation, Japan, with a wall thickness 
of 28.5 mm and diameter of 350 mm. The material was received in the standard metallurgical condition (SMC): 
normalized at 1050ºC, 10 minutes and tempered at 785ºC, 45 minutes. The chemical composition is shown in Table 
1. 
Table 1. Chemical composition of the P91 steel (wt%). 
C Mn Si Ni Cr Mo Al Nb Ti V 
0.107 0.39 0.318 0.173 9.26 0.86 0.004 0.088 0.0017 0.21 
The process employed was flux-cored arc welding (FCAW) under 80%Ar/20%CO2 gas shielding (Ramini et 
al.,2011). The filler materials were two rutilic slag wires AWS A5.29/A5.29M:2010 E91T1 and E91T1-G, one 
traditional (TMo) and the other with the addition of W (TMoW), whose chemical composition are shown in Table 2. 
Table 2. Chemical composition of the TMo and TMoW filler materials (FM) in wt% 
FM C Mn Si Ni Cr Mo Nb Ti V W 
TMo 0.103 0.94 0.318 0.48 9.92 0.93 0.024 0.046 0.25  
TMoW 0.107 0.81 0.403 0.51 9.64 0.47 0.035 0.037 0.22 1.67 
Two samples were obtained with each wire as it is shown in Figure 2: STMo (TMo filler material) and STMoW 
(TMoW filler material). The preheat and interpass temperatures were 230 – 260 ºC. The welding parameters used in 
this work were: welding voltage 25 – 26 V, welding current 140 – 170 A, welding speed 2.5 – 3.0 mm/s, weld heat 
imput 1.5 kJ/mm (Ramini et al., 2008). Five welding passes were needed to fill up the joint. 
 
Fig. 2. Macrograph showing a cross section view of the STMo and STMoW samples. 
The weldments were slowly cooled in air and subjected to PWHT at 760 ºC during 4 h, with a up and down 
temperature ramps of 120ºC/h (Ramini et al.,2011). 
The metallographic preparation was carried out by polishing up to diamond paste down to 1 μm and etching with 
the Vilella´s reagent. An Olympus X51 optical microscope was used to identify each sub-zone of the HAZ. The 
distribution of the precipitates in the matrix was observed by means of a Zeiss Supra 40 scanning electron 
microscope with field emission gun (FEG-SEM). 
The identification of precipitates was carried out in a Phillips CM200 (TEM) on carbon replicas extracted from 
each sub-zone of the STMo from the material in the standard metallurgical condition. In the STMoW sample carbon 
replicas were only extracted from the FZ, since the HAZ and BM of both welds were subjected to the same thermal 
cycles. TEM is equipped with an EDAX-DX4 system for energy dispersive analysis of X-rays (EDS). Precipitates 
were identified taking into account a previous study carried out on a similar steel (Zavaleta Gutiérrez et al., 2011) by 
a combination of selected area diffraction (SAD) patterns and EDS analysis: M23C6(space group: 225-Fm-3; lattice 
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parameter, a = 1.066 nm; 58Cr-32.2Fe-8.4Mo-1.4V); MX type I or NbCN (space group: 225-Fm-3; a = 0.44082 nm; 
81.5Nb-12.7V-5.8Cr); MX type II or VN (space group: 225-Fm-3; a = 0.41295 nm; 67.1V-11.8Nb-21.1Cr/ 57.1V-
21.3Nb-19.9Cr); MX type III or “wings” (core: NbCN, “wings”: VN). 
3. Results and discussion 
3.1. Identification of the HAZ sub-zones by means of optical microscopy 
Figure 3 show optical micrographs of the different zones in the STMo sample. The grain size in each sub-zone 
was the parameter that was taken into account to confirm that effectively the replicas came from the selected region. 
The presence of inclusions in the FZ (in Figure 3.b an inclusion is indicated by the arrow) also was the criterium 
used to distinguish this zone from the CGHAZ sub-zone, since the grain size in the border of both regions is similar. 
  
  
  
Fig. 3. Optical micrographs of the STMo sample: (a) general view; (b) FZ, (c) CGHAZ, (d) FGHAZ, (e) ICHAZ, (f) BM. 
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The FZ has elongated grains with inclusions. No distinct borderline between the different sub-zones of the HAZ 
is recognisable, but they are represented by their characteristic microstructures. The CGHAZ has large grains, 
generally equiaxed, with a continuous reduction in size from the region adjacent to weld to the FGHAZ.The ICHAZ 
showsfine grains similar to those found in the FGHAZ and coarse grains similar to those found in the BM. 
Optical micrographs of the STMoW sample are similar to the STMo sample. 
3.2. Identification of precipitates in the standard metallurgical condition (SMC) and base material(BM) of 
weldments 
Figures 4.a and 4.b show the microstructure of the SMC and BM of weldments, respectively. 
 
 
Fig.4. FEG-SEM micrographs of the STMo sample: (a) SMC; (b) BM. 
Figure 5.a shows the M23C6 carbides (M = 55.4Cr-32.2Fe-11.5Mo-0.9V) identified in the SMC. In this sample 
“wings” were observed, as it is shown in Figure 5.b. VN isolated precipitates (Figure 5.c) or clusters (Figure 5.d) 
were identified. The chemical composition of VN precipitates is 55.3V-22.7Cr-22Nb. The M23C6 are the major 
observed precipitates followed by the VN. 
  
  
Fig. 5. TEM micrographs form the P91 steel in the SMC. 
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Precipitates found in the BM of weldments are shown in Figure 6. Figures 6.a and 6.b show spherical particles 
identified as NbCN (89.7Nb-6.5V-3.7Cr). VN precipitates are isolated (Figure 6.c) or forming clusters (Figure 6.d) 
with a chemical composition of 57.8V-17.9Cr-33.5Nb. M23C6 precipitates with M = 59.7Cr-30Fe-8.4Mo-1,9V and 
“wings” are shown in Figures 6.e and f, respectively. 
  
  
  
Fig. 6. TEM micrographs of extraction replicas of the BM. 
The BM was not affected by any thermal cycle during the weldment process and only received the PWHT, 
namely a tempering at 760ºC for 4 hours. As in the SMC, in the BM the M23C6 carbide was the major observed 
precipitate, but in contrast with the SMC, the next precipitated phase as for the estimated volume fraction was the 
NbCN instead of the VN particles. 
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3.3. Identification of precipitates in the FZ of both welded joints 
Figure 7.a shows a FEG-SEM micrograph of the FZ of the STMoW. Figure 7.b shows the inclusion indicated by 
the arrow in the Figure 7.a which is surrounded by precipitates. FEG-SEM micrographs of the STMo are similar. 
  
Fig. 7. FEG-SEM micrographs of the STMoW in the FZ: (a) General view, (b) inclusion indicated by the arrow in (a). 
The FZ of both welded joints has the same type of precipitates (VN and M23C6) and inclusions. In the STMo 
sample, a cluster of VN precipitates (66.6V-19.3Nb-14.1Cr) and a M23C6 precipitate (with M = 53.4Cr-28.4Fe-
12.4Mo-4.3V) are shown in Figure 8.a. Figures 8.b and c show VN (51V-27.1Nb-21.8Cr) and M23C6 (M = 51Cr-
23.1Fe-3.7Mo-17.1W-2V) precipitates of the STMoW sample. Inclusions are characteristics of the FZ of both 
weldments (Figure 8.d). Particles precipitated around inclusions are M23C6. 
  
  
Fig. 8. TEM micrographs of extraction replicas of the FZ of the STMo and STMoW samples. 
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3.4. Identification of precipitates in the HAZ 
Figure 9 shows FEG-SEM micrographs of the CGHAZ (a) and FGHAZ (c) of the STMo sample. 
  
Fig. 9. FEG-SEM micrographs of the STMo sample: (a) CGHAZ; (b) FGHAZ. 
Figure 10 shows TEM micrographs at low magnification used to verify, by means of the grain size, the zone 
under study (CGHAZ, Figure 10.a; FGHAZ, Figure 10.b; ICHAZ, Figure 10.c). 
 
  
Fig. 10. TEM micrographs (carbon replica) of the STMo sample: (a) CGHAZ; (b) FGHAZ, (c) ICHAZ. 
The CGHAZ shows M23C6 precipitates principally at the PAGBs with M = 62.5Cr-28.5Fe-7.8Mo-1.2V. A 
uniform distribution of fine MX precipitates is shown in Figures 11.a, 11.c and 11.e. The EDS analysis showed that 
there are three types of solutes distribution in M: 66V-13.9Cr-20.1Nb; 47.6V-16.4Cr-36Nb y 25V-13Cr-62Nb. 
Despite these differences in the microchemistry, crystallographically all particles correspond to VN as confirmed by 
their SAD pattern. 
M23C6 precipitates of the FGHAZ have M = 61.7Cr-28.9Fe-8.1Mo-1.3V. The MX identified precipitates were 
VN with M = 71.9V-17.1Cr-11Nb (Figure 11.b), NbCN with M = 89.5Nb-3.5Cr-7V (Figure 11.d) and wings 
(Figure 11.f). 
The ICHAZ is subjected to temperatures between Ac1 and Ac3 (see Figure 1), then in this sub-zone coexist a 
new fresh martensite and the tempered original microstructure. It was not possible to differentiate both zones in the 
observation of carbon replicas. Using microchemistry as a signature of the type of carbides, the following 
precipitates were observed: M23C6 with M = 58.7Cr-29.4Fe-10.5Mo-1.4V; VN (65.7V-14.1Cr-20.2Nb) and NbCN 
(88.5Nb-3.9Cr-7.6V). Figure 12.a and b show a FEG-SEM and a TEM micrograph of the ICHAZ. 
The microstructure of the CGHAZ sub-zone can be interpreted by means of the phase diagram showed in Figure 
1. This region is heated into the higher temperature part of the γ-phase region during welding and the original 
carbide particles are dissolved, resulting in coarse prior austenite grain (Klueh et al., 2001). During the PWHT, the 
reprecipitation of M23C6 and MX takes place, as it is shown in the micrograph of Figures 11.a, 11.c and 11.e. 
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Fig. 11. TEM micrographs of carbon replicas extracted from: (a) (c) (e) CGHAZ; (b) (d) (f) FGHAZ. 
The FGHAZ is heated into the lower temperature part of the γ-phase during welding (see Figure 1). The grains 
are finer than CGHAZ sub-zone because some of the original precipitates are not dissolved and inhibit grain growth 
(Klueh et al., 2001). During the PWHT the coarsening of the undissolved precipitates and the precipitation of new 
particles would take place. 
Precipitation strengthening is one of the most effective mechanisms active in ferritic creep-resistant steels (Cerjak 
et al., 2008). Comparing figures 11.d, 11.e and 12.b it is observed that the MX in the CGHAZ are finer that in the 
FGHAZ and ICHAZ sub-zoned. The dispersion of fine precipitates stabilizes free dislocations and the subgrain 
structure which increases hardness. This fact would explain why hardness in the CGHAZ is higher that hardness in 
the FGHAZ and ICHAZ as was measured by Ramini et al. (Ramini et al., 2011). 
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Fig. 12. ICHAZ: (a) FEG-SEM micrograph, (b) TEM micrograph (carbon replica). 
4. Conclusions 
Multilayer welds generate a HAZ with overlapped thermal cycles in the vertical direction and localized 
modifications in the horizontal direction. In the present study the challenge of isolating the precipitates of different 
sub-zones of the HAZ (~ 3 mm-thickness) was achieved by means of several characterization techniques: 
macrography, optical microscopy, FEG-SEM and TEM. Precipitates present in the standard metallurgical condition 
and in the FZ (STMo/STMoW), HAZ and BM zones were described. The M23C6 carbide was the major observed 
precipitate in all zones, with W present in its chemical composition for the FZ of the STMoW sample. The VN 
precipitates were present in all the studied regions showing a size decrease and a greater dispersion in their chemical 
composition in the CGHAZ. The NbCN were only present in the BM,FGHAZ and ICHAZ. Wings were identified in 
all zones, except in the CGHAZ and FZ. 
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